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Abstract

The authors have recently reported that gene-targeted iMycEµ mice that carry a His6-tagged
mouse Myc cDNA, MycHis, just 5′ of the immunoglobulin heavy-chain enhancer, Eµ, are
prone to ‘spontaneous’ neoplasms of the B-lymphocyte lineage. The present study has used
histological, immunohistochemical, and molecular genetic methods to investigate a subset
of these neoplasms referred to as extraosseous plasmacytomas (PCTs). It is shown that
20.8% (20/96) of tumour-bearing iMycEµ mice on a mixed genetic background of segregating
C57BL/6 and 129/SvJ alleles develop PCT by 500 days. The MycHis-induced PCTs produced
monoclonal immunoglobulin and developed in the gut-associated lymphoid tissue (GALT),
particularly the mesenteric node and Peyer’s patches. The PCTs overexpressed MycHis, at the
expense of normal Myc, and exhibited gene expression changes on cDNA macroarrays that
were consistent with MycHis-driven neoplasia. Surprisingly, in one of three PCT-derived cell
lines, MycHis was ‘replaced’ by a naturally occurring T(12;15) translocation, which changed
the mode of Myc deregulation from gene insertion (MycHis transgene) to chromosomal
translocation (juxtaposition of normal Myc to the immunoglobulin heavy-chain locus Igh).
These findings provide evidence that recreation of the mouse PCT-associated T(12;15)(IghEµ

-Myc) translocation by gene insertion in mice results in the predictable development of PCTs
in approximately one-fifth of the tumour-bearing mice. MycHis-driven PCTs recapitulate
aspects of human plasma cell neoplasms, for which relatively few models exist in mice.
For example, PCT development in the iMycEµ mice may provide a good system to study
the mechanism by which human MYC facilitates the progression of plasma cell myeloma
(multiple myeloma) in humans.
Copyright  2006 Pathological Society of Great Britain and Ireland. Published by John
Wiley & Sons, Ltd.
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Introduction

Plasmacytomas (PCTs) are malignant neoplasms of
terminally differentiated B lymphocytes that occur in
many mammalian species including humans and mice.
Mouse PCT is of special interest because it provides
an experimental model system for the study of the
mechanisms by which plasma cell neoplasms, such as
extraosseous plasmacytoma and plasma cell myeloma,
develop in humans. Since spontaneous PCTs are rare
in inbred or wild mice [1], efforts have been made to
develop transgenic mice that are genetically prone to
these tumours. The first success along this line took
advantage of transgenic v-Abl expressed in B-lineage
cells under the control of the intronic immunoglobulin
heavy-chain enhancer Eµ [2]. Other approaches uti-
lized transgenes, such as Eµ-Bcl2 [3,4] and Eµ-Bclx
[1], that protect incipient plasma cell tumours from
apoptosis. A somewhat surprising development is a
mouse model in which PCTs occur predictably because

of transgenic expression of the NPM-ALK fusion gene
[5,6], the hallmark mutation of the human T-cell lym-
phoma, anaplastic large cell lymphoma [7]. Additional
work is warranted to sort out the strengths and lim-
itations of the various transgenic mouse models and
translate the insights gleaned from individual mod-
els into tangible benefits for patients with plasma cell
neoplasms.

We have recently reported that BALB/c mice that
carry a widely expressed human IL6 transgene driven
by the H2-Ld promoter develop PCTs with high inci-
dence [8]. The tumours arise predominantly in the
gut-associated lymphoid tissue (GALT), particularly
the mesenteric node and Peyer’s patches, and con-
tain in most [8], but not all, cases [9] a chromosomal
T(12;15) translocation that results in the deregulation
of Myc (c-myc) due to juxtaposition to enhancers in the
immunoglobulin heavy-chain locus Igh. In a related
study, we used gene targeting in mice to recapitulate
the fine structure of the T(12;15) translocation found
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in approximately 20% of IL6-transgenic GALT PCTs:
the head-to-head juxtaposition of Myc and the intronic
Igh enhancer, Eµ [10]. The gene-targeted mice, des-
ignated iMycEµ, contain a His6-tagged mouse Myc
cDNA, MycHis, inserted head-to-head just 5′ of Eµ.
In addition to the mouse PCT T(12;15) translocation,
these mice mimic the human t(8;14)(q24;q32) translo-
cation that juxtaposes Eµ and MYC in the human
post-germinal centre B-cell tumour, endemic Burkitt
lymphoma [11]. Recent results indicate that iMycEµ

mice on a mixed genetic background of segregating
C57BL/6 and 129/SvJ alleles are prone to mature B-
cell neoplasms, including IgM+ lymphoblastic B-cell
lymphomas with Burkitt-like morphology (∼50% of
all tumours), Bcl-6+ diffuse large B-cell lymphoma
(∼20%), and, interestingly, PCTs (∼20%) [10].

Here we describe in greater depth the morphological
and molecular features of the PCTs that developed in
the iMycEµ mice. We show that these tumours exhibit
close histogenetic and morphological resemblance to
‘spontaneous’ GALT PCTs in IL6-transgenic BALB/c
mice [8]. Our findings extend the body of currently
available transgenic mouse models of ‘spontaneous’
plasma cell tumours by a Myc-driven one. Considering
that human MYC appears to be an important tumour
progressor gene in multiple myeloma, the iMycEµ

model system may provide a good tool to study
the mechanisms by which MYC drives myeloma
progression in humans.

Materials and methods

Mice, tumour diagnosis, and establishment of PCT
cell lines

The iMycEµ mice were developed by inserting a
histidine-tagged mouse Myc cDNA into Igh just 5′
of the intronic heavy-chain enhancer, Eµ. Incipient
PCTs were detected by monitoring mice for enlarged
abdominal lymph nodes and splenomegaly. Mice were
bred and maintained on the NIH campus and fed
Purina Mouse Chow 5001 ad libitum and sterilized,
acidified drinking water. The study was conducted
under NCI Animal Study Protocol LG-028. Cell lines
were established by preparing single-cell suspensions
from tumours that were transferred in vitro in the
presence of IL-6.

Histology and immunohistochemistry

Sections (4 µm) of paraffin-embedded tissues were
stained with H&E, Giemsa, PAS, or methylgreen pyro-
nine. Tissues were classified as exhibiting plasma
cell abnormalities including plasmacytosis (accumula-
tions of normal-appearing, non-dividing plasma cells),
plasma cell hyperplasia (PCH; mixtures of normal
and aberrant hyperchromatic, sometimes mitotically
active plasma cells), incipient PCT (isolated clus-
ters or nodules of malignant plasma cells), and overt
PCT. Avidin–biotin immunoperoxidase techniques

with antisera to L and H chains (Southern Biotechno-
logy Associates), B220 (CD45R) (CalTag), CD19, and
CD138 (syndecan) (Pharmingen) were employed for
the determination of Ig production and surface marker
expression as previously described [12].

V(D)J rearrangements

For Southern hybridization of clonotypic V(D)J rear-
rangements, genomic DNA obtained from tumour tis-
sues was digested with EcoRI (Igh) or EcoRI and
BamHI (Igk ), fractionated by electrophoresis on 0.7%
agarose gels, transferred onto a nitrocellulose mem-
brane, and hybridized to a 32P-dCTP labelled 1.5 kb
HindIII/EcoRI Igh probe (pJ11) spanning JH3 and Eµ
or a 1.1 kb Cκ probe. The latter probe was generated
by PCR using a primer pair (forward: 5′-GAT GCT
GCA CCA ACT GTA TCC A; reverse: 5′-GGG GTG
ATC AGC TCT CAG CTT) developed by Dr M Kuehl
(NCI, NIH).

Paraproteins

Serum paraproteins were detected with the Paragon
SPE electrophoresis kit (Beckman-Coulter). Ig iso-
types were determined by ELISA using Immulon II
plates (Dynex Technologies) and isotype-specific goat
anti-mouse serum labelled with horseradish peroxidase
(Southern Biotechnology). Mouse serum samples were
diluted from 10−3 to 1.28 × 10−5. Plates were read on
a Molecular Dynamics microplate reader at 450 nm.

Allele-specific RT-PCR of Myc and MycHis mRNA

For semi-quantitative determination of Myc and
MycHis mRNA, total RNA was isolated using TRIzol
(Sigma, St Louis, MO, USA). The integrity of
RNA was verified by electrophoresis. Double-stranded
cDNA was synthesized from 1 µg of total RNA,
using the AMV Reverse Transcriptase kit (Roche,
Indianapolis, IN, USA). A common 5′ primer for both
MycHis and Myc (5′-TCT CCA CTC ACC AGC ACA
AC-3′) was combined with a specific 3′ primer for
MycHis (5′-CCT CGA GTT AGG TCA GTT TA-
3′) and Myc (5′-ATG GTG ATG GTG ATG ATG
AC-3′) to distinguish the two messages. Thermal
cycling conditions were as follows: 95 ◦C for 5 min
(initial template denaturation), followed by 20 cycles
of amplification at 57 ◦C (primer annealing), 72 ◦C
(extension), and 95 ◦C (melting), each for 1 min. PCR
amplification of Aktb cDNA was performed for each
sample as a control using the following primer pair: 5′-
GCA TTG TTA CCA ACT GGG AC-3′ (forward) and
5′-AGG CAG CTC ATA GCT CTT CT-3′ (reverse).
PCR products were analysed by electrophoresis in 1%
agarose gel and visualized by staining with ethidium
bromide.

Cytogenetic analysis of PCT-derived cell line 8526

Cells were lysed in hypotonic KCl solution and chro-
mosomes were fixed in methanol–acetic acid (3 : 1).
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For each tumour, at least ten complete metaphase
plates were analysed. The T(12;15)(Igh-Myc) translo-
cation was detected by whole chromosome painting
and FISH. The painting and BAC probes hybridiz-
ing to chromosome 12 and Igh or chromosome 15
and Myc were labelled by nick translation with biotin
or Spectrum Orange, respectively. The biotin was
subsequently detected using FITC-conjugated avidin.
Images were acquired with a Leica DMRHC epiflu-
orescence microscope equipped with a Sensys CCD
camera (Roper Scientific).

Gene expression analysis on cDNA macroarrays

The relative mRNA expression of NFκB pathway
genes was analysed with mouse GEArray Q series
kits purchased from SuperArray (Bethesda, MD, USA)
according to the manufacturer’s protocol. Five micro-
grams of total RNA was prepared using the TriReagent
(Sigma) and reverse-transcribed into cDNA using
MMLV reverse transcriptase (Promega) and 32P-dCTP
(PerkinElmer Life Sciences, New England Nuclear)
as radioactive label. The labelled cDNA probes were
hybridized to gene-specific cDNA fragments spotted
on the gene array membrane. Signals were quantitated
with a Storm phosphor imager and normalized to the
signal of Gapd on the same membrane.

Verification of gene array results using RT-PCR

For semi-quantitative determination of mRNA of
selected target genes, total RNA was isolated and
cDNA was synthesized as described above. PCR
primers and thermal cycling conditions are available
upon request. PCR amplification of Gapd cDNA was
performed for each sample as a control using the fol-
lowing primer pair: 5′-GCA TTG TTA CCA ACT

GGG AC-3′ (forward) and 5′-AGG CAG CTC ATA
GCT CTT CT-3′ (reverse). PCR products were anal-
ysed by electrophoresis in 1% agarose gel and visual-
ized by staining with ethidium bromide.

Verification of gene array results using qPCR

Total RNA was isolated from cells and tissues using
TRIzol Reagent (Invitrogen).

For quantitative Taqman RT-PCR, serial dilutions
of input RNA (100 ng–1.56 ng) were analysed in
triplicate using the ABI PRISM 7900HT sequence
detector system, primers, probes, and the Taqman One-
Step RT-PCR Master Mix Reagents kit, all purchased
from Applied Biosystems. The reaction mixture was
held at 48 ◦C for 30 min for reverse transcription of
RNA into cDNA, followed by incubation at 95 ◦C for
10 min to activate the Taq polymerase. PCR amplifi-
cation of cDNA was performed for 40 cycles using
the following cycling conditions: denaturing for 15 s
at 95 ◦C and annealing and extending for 1 min at
60 ◦C. All samples were tested in triplicate and aver-
age values were used for quantification. Analysis was
performed using SDS v2.1 software (Applied Biosys-
tems) according to the manufacturer’s instructions.
Aktb, which encodes cytoplasmic β-actin, was used
as an internal reference gene. The comparative CT
method (��CT) was used for quantification of gene
expression.

Results

Incidence, onset, and histological subtypes of PCTs

The incidence of PCT was determined in iMycEµ

mice (Figure 1A, bottom) on a mixed genetic back-
ground of segregating C57BL/6 and 129/SvJ alleles

Figure 1. Generation of iMycEµ mice and PCT onset and incidence in these mice. (A) Sites of Igh chromosome breakage and
translocation with Myc in mouse PCTs and targeted transgenic insertion of MycHis in iMycEµ mice. A scheme of the normal mouse
Igh locus (top) and the targeted Igh locus (bottom) with the inserted MycHis (open box) in iMycEµ mice is shown. The transcriptional
orientation of Igh and MycHis is indicated by horizontal arrows. The gene insertion site is also the preferred recombination site in
20% of mouse T(12;15)(Igh-Myc) exchanges found in PCTs that developed ‘spontaneously’ in C.IL6 mice [8]. The corresponding
recombination sites in the majority (∼50%) of IL6-transgenic mouse PCTs, inflammation-induced peritoneal PCTs (pPCT), and
their precursors take place in the switch regions of Cγ 1, Cα, and Cµ, respectively. (B) Onset and incidence of PCTs in untreated
iMycEµ mice. Fourteen PCTs (open squares) from a previous study involving 76 tumour-bearing mice [10] and six PCTs (closed
squares) from the present, ongoing study thus far involving 20 tumour-bearing mice are included. The current incidence of PCT is
20.8% (20 of 96 tumours) when both studies are combined
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followed to 500 days of age. PCTs were first seen
at 3.5 months and then increased slowly but steadily,
reaching an incidence of 20.8% (20/96) by 500 days
(Figure 1B). Mean tumour onset was 291 ± 117 days
(range 116–489 days).

Histological examination of 15 tumours showed that
PCTs occurred as the three distinct subtypes described
in the Bethesda proposal of classifying lymphoid
tumours in mice [13]. Representative tissue sections
are shown in Figure 2. Seven tumours were mature
plasmacytic PCTs (medium-sized sIg− cIg+ CD138+
cells, pyroninophilic cytoplasm, round eccentric
nucleus with marginated chromatin and one or sev-
eral nucleoli; Figure 2A); five tumours exhibited
less mature, plasmacytoid or plasmablastic features
(medium to large-sized plasma cells; less cytoplasm,
a more central nucleus, and more prominent nucle-
oli than plasmacytic PCT; Figure 2B); and three
tumours were classified as anaplastic PCT (less than
10% mature plasma cells on a mixed background
of immunoblasts, plasmablasts, and intermediate cell
forms with large nuclei and a thick nuclear membrane;
Figure 2C).

At the time of diagnosis (Figure 1B), all tumours
had progressed to an advanced stage characterized by
massive enlargement of Peyer’s patches and mesen-
teric lymph node (up to 2 g) and splenomegaly. The
enlargement of gut-associated lymph nodes appeared
to be the underlying reason for intestinal obstructions
or intussusceptions that were occasionally observed in
moribund mice. Among the peripheral lymph nodes,
the ones in the cervical region were often larger
than those draining the extremities. The occurrence
of neoplastic plasma cells in blood vessels indicated
plasma cell leukaemia (Supplementary Figure 1, see
http://www3.interscience.wiley.com/cgi-bin/jabout/
1130/suppmatt.htm), which led to tumour cell infil-
tration of all major parenchymatous tissues including
liver, kidney, lung, and, as shown in Supplementary
Figure 2 (see http://www3.interscience.wiley.com/
cgi-bin/jabout/1130/suppmatt.htm), haematopoietic
bone marrow.

Special findings in PCT-bearing mice

Histological examination of the PCT-bearing iMycEµ

mice included in this study and other iMycEµ mice
not included here revealed special circumstances that
are relevant for proper diagnosis of PCT in mice.
Two mice that harboured PCT in multiple tissue
sites also contained an unclassified tumour in the
haematopoietic bone marrow (Figure 3) and a B-
cell lymphoma in a lymph node (Supplementary
Figure 3, see http://www3.interscience.wiley.com/cgi-
bin/jabout/1130/suppmatt.htm), respectively. These
findings suggested that PCT sometimes develops con-
comitantly with a second, independent neoplasm.

A different situation was encountered in four mice
that harboured B-cell lymphoma with marked plas-
mablastic and/or plasmacytic differentiation in some

Figure 2. Three types of PCT in iMycEµ mice: plasmacytic (A),
plasmablastic (B), and anaplastic tumours (C). The plasmacytic
tumour occurred in a gut villus that is identified by the
layer of epithelial cells indicated by a yellow arrowhead. The
plasmablastic and anaplastic tumours arose in the GALT. The
anaplastic PCT, which corresponds to the moderate end of
anaplasia found in these tumours, harbours numerous bi- or
multi-nucleated cells (yellow arrows) and irregularly shaped
cells containing bizarre nuclei (yellow arrowheads). The three
images were taken at the same magnification (40×) to facilitate
the comparison of tumour types

tissue sites. Since the plasma cells outnumbered the
underlying lymphoma cells in these sites (Supple-
mentary Figure 4, see http://www3.interscience.wiley.
com/cgi-bin/jabout/1130/suppmatt.htm), these cases
commanded caution not to be misclassified as PCT.

The third circumstance concerned the tumour
stroma. Although PCTs normally contain a diffuse
network of Mac2+ histiocytes and/or macrophages,
the Mac2+ cells proliferated focally in some cases,
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Figure 3. Co-existence of PCT and unknown neoplasm (presumably sarcoma) in the haematopoietic bone marrow of the same
mouse. Panel A presents an overview image (Giemsa, 2×) of a histological section of a femur that co-harbours a PCT to the upper
right (blue square) and the unclassified tumour in the centre (red square). The borderline zone where PCT and unknown tumour
cells intermingle is denoted by a black square. Panels B–D show enlarged views of the three squares included in panel A (Giemsa,
63×). The cytological differences between PCT cells (strongly basophilic cytoplasm, nuclei containing clumped chromatin and
usually two or more nucleoli) and presumptive sarcoma cells (metachromatic cytoplasm, vesicular nuclei containing one distinct
nucleolus, which is often attached to the nuclear membrane) are clearly apparent

forming cell clusters that could further evolve into
polypoid structures (not shown). In three mice,
this progressed to bona fide histiocytic sarcoma,
which was distinguished by pleomorphic tumour
giant cells that contained multiple cell nuclei in
a circle or horseshoe-like pattern (Supplementary
Figure 5, see http://www3.interscience.wiley.com/cgi-
bin/jabout/1130/suppmatt.htm). To avoid confusion in
the representation of tumour pattern and incidence
in iMycEµ mice, the above-mentioned cases were
not included in the PCT incidence curve shown in
Figure 1B.

A highly variable feature of PCT-bearing mice was
tumour infiltration with T cells. This ranged from
essentially absent (not shown) through sparse, dif-
fusely scattered cell infiltrates (Supplementary Figure
6A, see http://www3.interscience.wiley.com/cgi-bin/
jabout/1130/suppmatt.htm) to highly abundant, dense
infiltrates that were seen in three tumours (Supple-
mentary Figures 6B and 6C). These tumours were
included in the PCT incidence curve presented in
Figure 1B. The significance of these T cells (cytotoxic
immune response against the tumour?) is not clear.

These observations underscored that proper PCT
classification in iMycEµ mice requires the investigation

of a representative tissue panel using histological
and immunohistochemical methods. The variability
of the histopathological findings demonstrated that
PCT development is not a uniform process result-
ing in monomorphic, morphologically indistinguish-
able tumours. Instead, MycHis-induced PCTs presented
as distinct subtypes, were accompanied by diverse tis-
sue reactions (eg histiocytes, T cells), and developed
sometimes concomitantly with other neoplasms.

Histogenesis of PCT

Because at the time of diagnosis PCTs presented as
advanced, disseminated tumours, the tissue site of
tumour development remained unknown. To deter-
mine this site and evaluate the early stages of PCT
development, we sacrificed age-matched, tumour-free
mice and then carried out histological examination of
a representative tissue panel. Ten groups of mice, each
containing three animals, were sacrificed in monthly
intervals beginning at 3 months of age. Typical find-
ings are illustrated in Figure 4.

PCTs appeared to originate in many cases in gut-
associated lymph nodes, which demonstrated expanded
interfollicular and medullary regions due to the

J Pathol 2006 (in press)



JS Kim et al

Figure 4. Early stages of PCT development. Panels A–G present a typical incipient PCT that is characterized by the occurrence
of a compact nodule of aberrant CD138+ plasma cells in the Peyer’s patch (circled in panel A). CD3+ T cells, which are abundant
in the largely normal, upper part of the Peyer’s patch, are greatly diminished in the plasma cell nodule (A). A higher-power view
of the area indicated by a square in panel B shows that the plasma cells are CD19+ (G) and produce κ light-chain (E). Panels
H–J present a more advanced stage of tumour development, again using a Peyer’s patch as the example. Here, the plasma cell
accumulation involves the entire Peyer’s patch, and the plasma cells have already invaded the lamina propria of the adjacent gut.
This has resulted in thickening of the gut villi, which is illustrated in a transversal section at medium power (I) and a longitudinal
section at high power (J)

accumulation of CD138+ plasma cells. Focal pro-
liferation of these cells led to nodules, such as
the one shown in Figures 4A–4D, which replaced
the normal lymph node residents including T cells
(panel A) but still contained a normal network
of Mac2+ cells (panel D). Although most plasma

cells were normal in size and expressed CD19 and
immunoglobulin (Figures 4E–4G), closer inspection
revealed cytological abnormalities, such as heightened
affinity to histological stains (hyperchromasia), increa-
sed cell size, and abnormally shaped (cleaved or lob-
ulated) cell nuclei with clumped chromatin. At this

J Pathol 2006 (in press)



Myc-induced plasmacytoma in mice

Figure 5. Features of PCT. Southern blots of clonotypic Igk (A) and Igh (B) rearrangements in primary PCTs are shown at the
top. Germ-line fragments are indicated by black arrowheads that are labelled. Liver DNA from inbred C57BL/6 and 129SvJ mice
(Igk blot, lanes 7 and 8) or iMycEµ mice on a mixed C57BL/6 and 129SvJ background (Igh blot, lane 15) is included as a control.
VJ recombination at the Igk locus resulted in clonotypic restriction fragments in six of six PCTs (lanes 1–6). VDJ recombination
at the Igh locus (grey arrowheads) resulted in clonotypic restriction fragments in five of eight PCTs (lanes 2, 5, 7, 10, and 12)
and the loss or reduction of the B6-derived 6.2 kb fragment in two of eight PCTs (lanes 9 and 14). Shown at the bottom are
an immunostained section of an IgA+ PCT, illustrating that tumours with Igh rearrangements produce heavy-chain (C); a serum
protein electrophoresis gel containing samples from four PCT-bearing iMycEµ mice (P) and four normal non-transgenic littermates
(N), illustrating that PCTs produce monoclonal Ig (arrowheads pointing down; D); and an RT-PCR agarose gel, indicating the
mRNA levels of Myc (top), MycHis (centre), and Gapd (bottom) in normal B cells (lane 1), primary PCTs (lanes 2–12), and
PCT-derived cell lines (lanes 13–15; E). Note that all PCT samples except cell line 8526 (lane 15) contained elevated levels of
MycHis. The 8526 cells (over)expressed normal Myc due to a T(12;15) translocation shown in Figure 6

stage, the neoplastic process stayed within the bound-
ary of the lymph node.

The next stage of tumour development was char-
acterized by mucosal invasion of atypical plasma
cells that resulted in the infiltration of the lamina
propria of gut villi contiguous to Peyer’s patches
(Figures 4H–4J). Bi- or multi-nucleated plasma cells,
some of them containing mitotic figures, were fre-
quent. The continuing proliferation of plasma cells
led to incipient PCT, which occurred either as a sin-
gle, circumscribed, well-demarcated tumour, similar
to the nodule shown in Figures 4A–4D, or as scat-
tered clusters of neoplastic plasma cells interwoven
in the general plasma cell hyperplasia. The latter was
sometimes difficult to detect, because the borderline
of plasma cell hyperplasia and incipient PCT is poorly
defined using conventional light microscopy.

The diagnosis of PCT was certain when neoplas-
tic plasma cells had migrated to the paracortical
and medullary cords of deep and peripheral (partic-
ularly cervical) lymph nodes and the red pulp of the
spleen. Infiltration of parenchymatous tissues marked
the onset of plasma cell leukaemia. There was no clear

association between the age of mice and PCT progres-
sion stage; ie severe changes were sometimes found
in 3- to 6-month-old mice, while moderate or virtually
no changes were seen in 9- to 12-month-old mice.

PCTs are monoclonal tumours that overexpress
MycHis and produce immunoglobulin

Southern analysis of VJ recombination at the Igk
locus demonstrated that six of six PCTs had under-
gone clonotypic gene rearrangements (Figure 5A).
VDJ recombination at the Igh locus was also read-
ily detectable in seven of eight tumours (Figure 5B),
either as tumour-specific restriction fragments (five
cases indicated by arrowheads) or as loss of the B6-
derived 6.2 kb germline fragment (two cases desig-
nated 8513 and 8520). One tumour (8505) did not
contain a rearrangement, for reasons that remained
unclear. In two of three cases in which tumour and
spleen samples were tested side-by-side (8486, 8512,
8516), the same restriction fragments were seen in both
tissues (8486, 8512). This showed that the underlying
PCT had massively infiltrated the spleen. In all the
tumours presented in Figure 4B, the 129-derived Igh
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Figure 6. Replacement of MycHis by a T(12;15) translocation in the PCT-derived cell line 8526. A representative metaphase
chromosome spread painted with whole chromosome FISH probes for chromosomes 12 and 15 (A) and a computer-generated
inverted image of the DAPI counterstain used for chromosome identification (B) are shown at the top. Chromosomes containing
12- or 15-derived material are indicated by arrows. Metaphase chromosomes labelled by gene-specific FISH probes for Myc and
Igh (C) and the inverted DAPI counterstain of the same image (D) are shown in the centre. Chromosomes containing Myc and/or
Igh are indicated by arrows. Various rearrangements of chromosomes 12 and 15 at higher power (E) are shown at the bottom.
These include the typical der(12) of a classic, mouse PCT-associated, Myc-activating T(12;15)(Igh-Myc) translocation (left rectangle;
yellow indicates the merging of the two painting probes’ fluorescent dyes, Spectrum Orange and FITC); a Robertsonian fusion
chromosome that contains at the lower telomeric end 12- and 15-derived material, leading to a second Igh-Myc juxtaposition in the
tumour cells (centre rectangle); and, from left to right in the right rectangle, rearrangements of (a) the centromeric portion of 15
with an unknown partner chromosome, (b) the telomeric portion of 12 with an unknown chromosome, and (c) the centromeric
portion of 12 with an unknown chromosome that additionally contains a small insert of 15-derived material (arrowhead)

locus that contained the inserted MycHis gene (indi-
cated by the paired 5.3/5.1 kb fragment) remained
unaffected by VDJ recombination. This demonstrated
that the gene-insertion allele was incapacitated with
respect to VDJ recombination, as had been seen in
other mice in which the µ heavy-chain gene had been
interrupted by gene insertion [14]. The precise mech-
anism by which MycHis interferes with µH production
remains to be elucidated, but two possibilities are the
distortion of germ-line DQ52 and Iµ transcription and
the abrogation of V(D)J recombination [15,16].

Immunolabelling of 12 randomly chosen PCTs
demonstrated in all cases cytoplasmic heavy-chain
(Figure 5C). Consistent with this, the sera of the mice
that bore these tumours exhibited M-spikes (parapro-
tein, monoclonal Ig) that were readily detected by pro-
tein electrophoresis using Paragon gels (Figure 5D).
Isotyping of these paraproteins using ELISA demon-
strated variability in H-chain usage: six were Igγ ; four
were Igα; and two were Igµ (not shown). FACS anal-
ysis of B-cell and plasma cell markers (results not
shown) showed that PCTs were CD19+ CD3− Mac2−
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and either sIg− or dull positive. CD138 (syndecan-
1) expression was variable in amplitude but always
detectable. B220 expression appeared to be associated
with the histological subtype of the tumour: plas-
mablastic PCTs expressed the surface marker more
reliably than the plasmacytic and anaplastic tumours,
which had very little or no B220 (not shown).

Allele-specific RT-PCR, which can distinguish
MycHis mRNA from normal Myc mRNA, showed
that the transgene was overexpressed compared with
the normal Myc gene in ten of ten primary tumours
(Figure 5E, lanes 2–12) and two of three PCT-derived
cell lines (lanes 13–15). This was in agreement with
the known negative feedback loop of Myc expression
[17]. The small amount of normal Myc message in two
primary tumour samples (lanes 2 and 3) may have been
caused by normal cells infiltrating the tumours (eg T
lymphocytes), although this was not shown here.

An unexpected observation in one PCT-derived cell
line (lane 15) was that normal Myc was overexpressed
instead of MycHis. To elucidate the underlying reason,
we performed a number of molecular and cytogenetic
studies. The apparent loss of MycHis expression in
the cell line was readily explained by allele-specific
genomic PCR, which demonstrated that MycHis was
present in the primary tumour from which the cell line
was derived (lanes 7 and 11), but deleted in the line
(results not shown). Next, we carried out FISH and
whole chromosome painting to detect possible rear-
rangements of normal Myc in the cell line (Figure 6).
This revealed a complex T(12;15)(Igh-Myc) translo-
cation, the primary mechanism of deregulated Myc in
mouse PCT. These findings showed that in rare cir-
cumstances, a MycHis-induced PCT may give rise to a
cell line in which the transgenic expression of MycHis

had been replaced with the deregulated expression of
normal Myc consequent to chromosomal translocation.

Gene expression of PCTs using cDNA
macroarrays

Nylon filter membrane cDNA macroarrays provide
a useful screening tool to determine the expression
of selected ‘pathway’ genes in mouse plasma cell
tumours. To that end, we prepared RNA samples from
three primary PCTs. In lieu of normal plasma cells
that are difficult to isolate in sufficient numbers from
normal mice, we used two RNA samples from MACS-
purified C57BL/6 B220+ splenocytes as a control.
RNA was labelled with 32P-dUTP and individually
hybridized to the cDNA arrays. The individual expres-
sion profiles of PCTs were then determined and com-
pared with each other, followed by comparisons with
normal mouse B cells.

All RNA samples were evaluated on eight differ-
ent arrays, each containing 96 genes involved in cell
cycle regulation, apoptosis, cancer, signal transduc-
tion, stress and toxicity responses, and the NFκB
and MAPK pathways. This approach is illustrated in
Figure 7A, using the cell cycle array as an example.

The complete data set is presented in Supplementary
Figure 7, see http://www3.interscience.wiley.com/cgi-
bin/jabout/1130/suppmatt.htm. Analysis of the cell
cycle array demonstrated that seven genes were up-
regulated in PCTs compared with normal B cells (indi-
cated by red squares). Four genes were down-regulated
(green squares).

Similar to the cell cycle array, most changes on
the other seven arrays were remarkably consistent
when PCTs were compared with B cells. Among a
total of 768 genes present on the eight gene arrays,
92 (∼12%) genes were concordantly up- or down-
regulated in PCTs relative to B cells (Figure 7B). A
two-fold change in gene expression was used as a
threshold. The NFκB array showed the highest number
of changes (n = 24; one up and 23 down) among the
eight arrays, followed by the MAPK (n = 16, four up
and 12 down), cell cycle and cancer (n = 11, three up
and eight down) arrays. Altogether, down-regulated
genes (67/92, 73%) outnumbered up-regulated genes
(25/92, 27%) by a factor of 2.7.

The presence of 21 differentially regulated genes on
two or more gene arrays afforded an opportunity to
assess further the consistency and reproducibility of
the data. Among these genes was Myc, which exhib-
ited highly similar levels on five different arrays. Two
genes (Egr1, Nfkb1 ) were reproducible on four differ-
ent arrays, three genes (Atm, Nfkbia, Rb1 ) on three
arrays, and 15 genes (Birc2, Birc5, Ccnb2, Ccnd2,
Cdkn1b, Chek1, Ets1, Fos, Irf1, Jun, Map2k1, Map3k2,
Odc, Tgfb1, and Traf1 ) on two arrays (Supplementary
Table 1, see http://www3.interscience.wiley.com/cgi-
bin/jabout/1130/suppmatt.htm).

Validation of gene expression using PCR

To validate the above result further, we used semi-
quantitative RT-PCR to confirm ten differentially reg-
ulated genes that exhibited consistent changes on
the gene arrays (Figure 7C). Four up-regulated genes
[three from Supplementary Table 1 (Birc5, Ccnb2,
Myc) plus Ccna2 ] and six down-regulated genes [five
from Supplementary Table 1 (Egr1, Ets, 1rf1, Map2k1,
Nfkiba) and Iap1 ] were included in the analysis. RT-
PCR confirmed the array results for all ten genes. This
is illustrated in Figure 7C, which presents correspond-
ing PCR fragments from two primary PCTs (centre and
right) next to normal B cells (left), using the house-
keeping gene Gapd, which was expressed at similar
levels in PCTs and B cells, as the control.

To better quantify these results, we performed qPCR
in four independent PCT samples and three indepen-
dent B-cell samples, using commercial kits for all
genes included in Figure 7C. The housekeeping gene
Aktb was used as an internal standard to normalize the
data. qPCR confirmed the RT-PCR and array data in
all ten cases (Figure 7D). Myc was the most highly
expressed gene in PCT (12-fold increase relative to
B cells), whereas Egr1 was the most down-regulated
gene (ten-fold decrease; see inset with enlarged x -axis
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Figure 7. Gene expression in PCTs. (A) Nylon filter membranes containing 96 cell-cycle-related genes (rows 1–12) hybridized
to 32P-labelled RNA samples from a primary PCT (right) and normal C57BL/6 splenocytes (left). Genes that are up- or
down-regulated in PCTs compared with normal B cells are indicated by squares and ovals, respectively, on the PCT array.
(B) Graphical representation of gene expression changes in PCTs compared with normal B cells using the eight different gene
arrays denoted above the columns. The number of genes found to be up- or down-regulated in PCTs is indicated by black and
white columns, respectively. (C) Verification of four up-regulated and six down-regulated genes in PCTs compared with normal
B cells, using RT-PCR. (D) qPCR analysis of the genes presented in panel C. Mean values and standard deviations based on three
independent PCT and B cell samples are shown. The expression values in the B cells were arbitrarily set at 1. The inset uses a
smaller scale to show the precise expression levels of the six down-regulated genes in the PCT sample

for better comparison of the six down-regulated genes
in PCT).

Consistent with the role of Myc as ‘master’ tran-
scription factor that affects the expression of numerous
target genes, eight of the 21 genes listed in Supple-
mentary Table 1 are known Myc targets: Atm, Ccnd2,
Cdkn1b, Jun, Myc, Odc, Rb1, and Tgfb1 [18]. Three
of these genes are differentially regulated in PCT and
normal plasma cells: Myc is down-regulated in normal
[19] but up-regulated in malignant plasma cells (this
study), whereas Fos and Jun are up-regulated in nor-
mal [19] but down-regulated in malignant plasma cells
(this study). Additional studies are warranted to eval-
uate why the positively regulated Myc target, Cdnd2
(encoding cyclin D2), was down-regulated in PCT.

Discussion

This paper describes a new mouse model of plasma
cell tumour development in strain iMycEµ. The

MycHis-transgenic PCTs that arose in these mice share
many similarities with the tumours that occur in
mice that carry a v-Abl [2], Bcl2 [3,4] or Bclx
[1] transgene under the control of Eµ; a transgenic
NPM-ALK fusion gene [5,6]; or a human IL6 trans-
gene driven by an H2 promoter [8]. This band of
transgenic PCT models is preceded by the classic
model of inflammation-induced peritoneal PCTs in
BALB/c mice [20]. It is further complemented by two
transplantation-based models that rely either on the
in vivo propagation of mouse myeloma cell lines of
the ‘5T’ series in C57BL/6 mice [21] or on the trans-
fer of human myeloma cells into SCID mice [22]. Each
of these mouse models makes a specific contribution
to advancing our understanding of neoplastic plasma
cell development in human beings, possibly improving
therapeutic outcome and leading to new approaches
in tumour prevention. Considering that human MYC
plays an important role in the progression of multiple
myeloma [23,24], the iMycEµ model system may be
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useful for elucidating the mechanism by which MYC
promotes myelomagenesis in human beings.

The occurrence of PCT in 20% of tumour-bearing
iMycEµ mice provides empirical evidence that our
newly developed gene-insertion model of the mouse
PCT-associated T(12;15) translocation results in a
mode of Myc activation that is conducive to malignant
plasma cell transformation in mice. More specifically,
our findings support the contention that the insertion
of MycHis in the vicinity of Eµ results in the accurate
recapitulation of the T(12;15) translocation that juxta-
poses Eµ and Myc in IL6-transgenic GALT PCTs [25].
Additional studies are warranted to elucidate why only
one-fifth of the iMycEµ mice developed PCT (require-
ment for specific tumour progression events? [10];
present genetic background supports B-cell tumours
more strongly than plasma cell tumours?) and why it
took on average nearly 10 months (291 days) for these
tumours to develop (tempering of Myc-dependent cell
transformation by Myc-dependent apoptosis? [26]).

A few straightforward modifications of the present
iMycEµ mice may further enhance the value of this
strain as a model system of neoplastic plasma cell
development. Chief among those is the transfer of the
MycHis transgene to the genetic background of PCT
susceptibility, an almost exclusive feature of strain
BALB/c [27,28]. The possibility that BALB/c alle-
les shift the MycHis-dependent tumour pattern from
B-cell to plasma cell neoplasms is supported by recent
evidence that partially backcrossed BALB/c.iMycEµ

mice are hyper-susceptible to inflammation-induced
PCT compared with inbred BALB/c mice [29]. As
discussed in greater detail elsewhere [26], other mod-
ifications of the iMycEµ mouse may lead to the reca-
pitulation of the bone disease that is seen in human
myeloma. There are also approaches for further accel-
erating PCT development in iMycEµ mice, such as
the expression in these mice of a second transgene
that collaborates with Myc in plasmacytomagenesis;
eg a Bcl2 family member or IL6. Indeed, our most
recent data indicate that PCTs arise very rapidly when
iMycEµ is combined with enforced expression of IL-6
in doubly transgenic Myc/IL6 mice (SJ, unpublished
observation).

In conclusion, this study provides further evi-
dence that the recreation of the T(12;15)(IghEµ-Myc)
translocation by gene insertion in mice results in the
predictable development of PCTs that share key fea-
tures with PCTs that have acquired this translocation
by somatic mutation in individual B or plasma cells.
PCT development in iMycEµ mice may provide a
uniquely useful model system for the study of the
mechanisms by which human MYC drives the pro-
gression of plasma cell tumours in human beings.

Supplementary material

Supplementary material may be found at the website
http://www3.interscience.wiley.com/cgi-bin/jabout/
1130/suppmatt.htm
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